Abstract Gangliosides are sialic acid-containing glycosphingolipids that are most abundant in the nerve tissues. The quantity and expression pattern of gangliosides in brain change drastically throughout development and are mainly regulated through stage-specific expression of glycosyltransferase (ganglioside synthase) genes. We previously demonstrated that acetylation of histones H3 and H4 on the N-acetylgalactosaminyltransferase I (GalNAcT, GA2/GM2/GD2/GT2-synthase) gene promoter resulted in recruitment of trans-activation factors. In addition, we reported that epigenetic activation of the GalNAcT gene was also detected as accompanied by an apparent induction of neuronal differentiation in neural stem cells responding to an exogenous supplement of ganglioside GM1. Here, we present evidence supporting the concept that nuclear GM1 is associated with gene regulation in neuronal cells. We found that nuclear GM1 binds acetylated histones on the promoters of the GalNAcT and NeuroD1 genes in differentiated neurons. Our study demonstrates for the first time that GM1 interacts with chromatin via acetylated histones at the nuclear periphery of neuronal cells.
Introduction
Epigenetic regulation of gene expression involving DNA methylation and histone modifications is an important mechanism governing stage-specific gene expression in developing mammalian brains as well as other tissues [3, 4] . The most common post-translational histone modification is histone acetylation, which occurs as an addition of acetyl groups to lysine residues of the amino-terminal tails of core histones. Acetylation of histone H3 or H4 can alter the interaction between histones and DNA and allow relaxation of chromatin. Thus, changes in histone acetylation status are often associated with transcriptional activation and repression [5, 6] . In neural stem cells (NSCs), induction of histone acetylation promotes neuronal differentiation and inhibits glial differentiation through up-regulation of neurogenic transcription factors [7] . Histone acetylation is controlled by histone acetyl transferases (HATs) and histone deacetylases (HDACs) [8] .
Intriguingly, recent studies have suggested that glycans can contribute to epigenetic gene regulation as modulators. For example, a ''carbohydrate-like'' molecule, inositol tetraphosphate (IP4; inositol 1,3,4,5-tetrakisphosphate) acts as a stimulator to the activity of class I HDACs (HDAC1/2/ 3) [9] [10] [11] . Additionally, O-GlcNAcylation has been reported to regulate localization, activity, and stability of many transcription factors, as well as their interactions with other proteins and DNA [12, 13] . As such, glycosyl modification, including O-GlcNAcylation, are now considered as an important modulatory mechanism to epigenetic control of gene expression [14] .
Glycolipid-enriched microdomains (GEMs, also known as lipid rafts) on the cell plasma membrane surface are increasingly recognized as an important site for signaling transmission. Nuclear lipid domains on the nuclear envelope have also recently been suggested to play a similar role [15] . Gangliosides are sialic acid-containing glycosphingolipids expressed primarily, but not exclusively, on the plasma membrane of cells in all vertebrates. Both gangliosides GM1 and GD1a have been detected in the inner and outer nuclear membranes [16] . The outer nuclear membrane is a continuum of the endoplasmic reticulum (ER), whereas the inner nuclear membrane is connected with the nuclear lamina. The composition of nuclear gangliosides in the developing brain reflects their composition in the total brain [17, 18] , i.e., GD3 is abundant in the nuclear membranes of the embryonic brain and adult brain type gangliosides (GM1, GD1a, GD1b, GT1b) become more abundant in the nuclei of postnatal brain cells [18] . Interestingly, GT3, a member of the c-series gangliosides, is also plentiful in the nuclei of embryonic brain cells, and its concentration is decreased drastically in postnatal-brain nuclei [18] . It is known that GM1 enhances neurite outgrowth, and up-regulation of GM1 in the nuclear membrane accompanies the process of neurite outgrowth [19, 20] . This observation prompted Ledeen et al. to propose that the elevated level of GM1 has a modulatory effect on Ca 2? homeostasis in the nucleus, which is mediated by a tight association of GM1 with the Na ? /Ca 2? exchanger [21, 22] . Another ganglioside, GD3, is reported to interact with histone H1 in the nucleus [23] . It has also been shown that nuclear sphingolipids participate in epigenetic regulation of gene expression by controlling histone acetylation [24] . For these reasons, it is reasonable to assume that membrane lipids, including glycolipids, may contribute to building of the nuclear membranes in a stage-and cellspecific manner to modulate gene expression.
The nuclear envelope, including the nuclear lamina and nuclear pore complexes, is a key structure to maintain chromatin architecture and cell-specific gene expression [25] . Stem cells and differentiated cells have distinct nuclear envelope compositions as well as specific epigenetic modifications, which play important roles to determine nuclear spatial localization of individual genes. During cell differentiation, tissue-specific genes can be relocalized in the nuclear space [25, 26] . Interestingly, differential ganglioside expression has been detected in nuclear membranes during neuronal development [18] and hence likely regulates cell-specific gene expression. It is not clear, however, how nuclear ganglioside expression and gene activity are correlated. Here, we investigated the hypothesis that nuclear GM1 is associated with gene regulation in differentiated neuronal cells. We found that nuclear GM1 binds with acetylated histones on the promoters of the GalNAcT as well as on the NeuroD1 genes in differentiated neurons. Our study demonstrated for the first time that GM1 interacts with active chromatin via acetylated histones at the nuclear periphery, resulting in changes in gene expression.
Experimental Procedure Cell Culture and Differentiation
NSCs were isolated from the telencephalons of C57BL/6 mouse embryos (E14.5) as previously described [27] [28] [29] [30] . Neuronal precursor cells (NPCs) were isolated by a positive selection of polysialic acid-neural cell adhesion molecule (PSA-NCAM)-harboring NSCs, following a negative selection of A2B5 antigen expression, using the magnetic-activated cell sorting (MACS) method with microbeads pre-labeled with specific antibodies (Meltenyi Biotec, Bergisch Gladbach, Germany). NPCs were cultured in 2 mM of L-glutamine-and B27-supplemented Neurobasal-A medium (Life Technology, Carlsbad, CA, USA) containing 10 ng/ml of basic fibroblast growth factor (FGF2) (Peprotech, Rocky Hill, NJ, USA) on dishes coated with poly-L-ornithine and bovine fibronectin (SigmaAldrich, MO, USA) at 37°C in a humidified 5 % carbon dioxide atmosphere. Neuron-committed NPCs were induced into neurogenic differentiation with a B27 supplement without FGF2 for 7 days.
Fluorescence Staining and Imaging
Cells grown on a coverslip were fixed with 4 % paraformaldehyde in PBS for 20 min, and then permeablized by exposing briefly to 0.5 % Triton X-100 for 5 min at ambient temperature. To immunostain nuclear lamin B1 and nucleoporin, cells were incubated with specific primary antibodies diluted in 1 % BSA/PBS overnight at 4°C (Abcam, ab16048, 1:500 dilution; and Abcam, ab24609, 1:1000 dilution, respectively), followed by treatment with Alexa Fluor-488-conjugated anti-rabbit IgG or anti-mouse IgG secondary antibody (Invitrogen), respectively, diluted 1:800 in 1 % BSA/PBS for 1 h at ambient temperature. To visualize GM1 and counterstain the nucleus, Alexa Fluor-594-conjugated cholera toxin B (CtxB, Invitrogen, 1:800 dilution) and Hoechst 33342 (Invitrogen, 1:500 dilution) were included in the staining solution. After staining, the specimen was mounted on a glass slide with anti-fade reagent (Invitrogen S36940). Samples were observed on a Zeiss LSM 510 confocal microscope equipped with a 639, NA 1.4 Plan Apochromatic objective, and fluorescent images were acquired using the software ZEN 2012 (Carl Zeiss GmbH, Jena, Germany).
Chromatin Immunoprecipitation (ChIP) Assay
A method for nuclear fractionation was adapted from a previous study [31] . Briefly, to isolate nuclei, cultured cells (NPCs or differentiated neurons) were suspended in a hypotonic lysis buffer [10 mM KCl, 1.5 mM MgCl 2 , 10 mM HEPES (pH 7.4), 10 % glycerol, 0.05 % NP-40, 1 mM dithiothreitol, and EDTA-free protease inhibitor cocktail (Roche)], and incubated on ice for 20 min. After a 5-s vortex and centrifugation at 2000g for 5 min, the pellet was washed once with the lysis buffer and then spun down as the isolated nuclei. Besides, the supernatants were also pooled to serve as the post-nuclear fraction (cytoplasm). Whole cells, isolated nuclei, and the post-nuclear fraction were incubated in 1 % paraformaldehyde for 10 min at ambient temperature to crosslink the interacting partners of cellular components [28, 32] . Cells or cellular parts with the cross-linked complexes were subjected to lysis by sonication with six 20-s pulses at the power scale 7 controlled by a sonicator (Sonic Dismembrator Model 100, Fisher Scientific). After centrifugation at 12,000 rpm on a tabletop centrifuge for 15 min, the supernatants from the whole cells nuclear and cytoplasmic lysate fractions were collected for the following experiments.
To immunoprecipitate chromatins or the GM1-associated complexes, 1 lg each of anti-acetyl histone H3 (AcH3, Millipore, 06-599), anti-acetyl histone H4 (AcH4, Millipore, 06-866), anti-trimethylated lysine residue 27 of histone H3 (H3K27me3) (Millipore, 07-449), or anti-GM1 antibodies (Abcam, ab23943) that had been subjected to prior absorption with Protein A/G magnetic beads was added to the lysate, and the mixture was incubated overnight at 4°C. In experiments as indicated, the supernatant of anti-GM1 immunoprecipitation was collected for the anti-AcH3 and anti-AcH4 ChIP assay. After washing for 4 times with PBS containing 0.5 % NP-40, the precipitated chromatins were released by heating with 0.1 M sodium bicarbonate solution containing 1 % SDS. The sample was de-crosslinked for 4-6 h at 65°C, followed by purification of the genomic DNA. The amounts of the DNA fragments of interest were analyzed by quantitative PCR using specific primer pairs. The primer sequences are described elsewhere [28, [32] [33] [34] [35] .
Co-immunoprecipitation of Histones with Nuclear GM1
The nuclear fraction and the post-nuclear fraction prepared from hypotonic treatment of differentiated neurons prior to formaldehyde cross-linking were used for anti-GM1, antiAcH3, anti-AcH4, or anti-H3K27me3 immunoprecipitation. Polyvinylidene difluoride (PVDF) membranes on which the precipitated complex was dot-blotted were blocked with 5 % BSA, and then probed with HRP-conjugated CtxB. Signals were visualized with Western Lightning Western blot chemiluminescence reagent (Perkin Elmer Life and Analytical Sciences, Boston, MA).
Treatment of Inhibitors of Cytoskeleton Polymerization
The neuronal culture was incubated with 500 nM of nocodazole or cytochalasin D (both from Sigma-Aldrich) for 4-6 h at 37°C in a humidified 5 % carbon dioxide atmosphere.
In-situ Hybridization
For DNA probe preparation, PCR reactions containing digoxigenin-11-dUTP (Roche) were performed to simultaneously amplify and label a 332-bp fragment of the B4-galnt1 (GalNAcT) promoter. The sequences of the primer pair are: 5 0 -TTT GGG GAC GAA GGG ATG TG-3 0 ; 5 0 -GAC TCC GGG GCT TTG TAG AC-3 0 . Procedures for in situ hybridization were as previously described [36] . The genomic DNA targeted by the probe was revealed by an anti-digoxigenin antibody (Roche; clone 1.71.256; mouse IgG1) (1:500 dilution in 1 % BSA/PBS) followed by Alexa Fluo-conjugated secondary antibody.
Statistical Evaluation
Data are expressed as mean ± standard deviation (SD) from three to four independent experiments. Statistical significance was determined using unpaired two-tailed Student's t test, and p \ 0.05 was regarded as significant.
Results

Localization of GM1 at the Nuclear Periphery
In this study, we utilized mouse NPCs and differentiated neurons derived from NPCs [28] . It is well known that
More recent findings also revealed that GM1 is present in the nuclear membranes as well as the plasma membranes, and up-regulation of the GM1 level in the nuclear membranes accompanies the process of neurite outgrowth [19, 20] . We confirmed that GM1 is indeed present and colocalized with lamin B1 and nucleoporin at the nuclear periphery of neuronal cells derived from NPCs (Fig. 1) . Nuclear lamins are type V intermediate filamentous proteins and are the major components of the nuclear lamina. The nuclear lamina constitutes the molecular interface between the inner nuclear envelope membrane and the peripheral chromatin domains. Lamin B1 is expressed in nearly every cell type and has been shown to play important roles for transcriptional regulation and chromatin organization [37] . We confirmed that GM1 is co-localized with the nuclear lamin of neurons (Fig. 1a) . Nuclear pore complexes are the other structure on nuclear membranes. Nucleoporins are best known as the constituent building blocks of nuclear pore complexes, membrane-embedded channels that mediate nuclear transport across the nuclear envelope. Recent evidence suggests that several nucleoporins have additional roles in gene regulation, such as the activating and silencing of developmental genes [25] . We observed that GM1 is localized in the nuclear periphery and is associated with nucleoporins (Fig. 1b) ; thus, it is highly likely that it may also participate in gene regulation once it has gained entry into the nucleus.
Z-stack images reveal that GM1 can be localized at the nuclear periphery in neural cells (Fig. 1a, b) . Despite the lack of knowledge of how GM1 gains entry into the nucleus in interphase, we observed GM1's localization during the breakdown of the nuclear envelope at mitosis. In dividing NPCs, the co-existence of GM1 with lamin B1 and nucleoporin was found, some even proximal to chromosomes (Fig. 1c, d ). It is possible that GM1 may hitchhike into the nucleus with nuclear envelope vesicles or with chromosomes as a passenger preceding the next nuclear formation.
GM1 Associated with Modified Histones Binds to Promoters
We previously demonstrated that NSCs/NPCs cultured with a supplement of GM1 exhibited a significantly enhanced neurogenic effect [28] . During the enhanced neurogenic process, we found that exogenously added GM1 induced NSCs to transcribe an elevated level of GalNAcT (GM2/GD2S) mRNA with a higher amount of acetylated histones on the GalNAcT gene's promoter. In the present study, we confirmed the expression of GM1 at the nuclear periphery (Fig. 1) . To examine whether endogenous GM1 was indeed associated with the GalNAcT gene in the nucleus, nuclear fractions were analyzed by co-immunoprecipitation experiments. The results revealed that nuclear GM1 genuinely interacted with AcH3 and AcH4, which are both active epigenetic marks, but not with H3K27me3, which is an inactive epigenetic mark (Fig. 2a) . However, without prior cross-linking, we did not detect any histone signals in an assay on GM1-containing precipitate (data not shown). This experiment showed that GM1-engaged chromatins are transcriptionally active.
GalNAcT and ST-II are two critical enzymes at a branching point of the ganglioside biosynthesis pathways that governs the pathway-shift for the expression of GD3 and N-acetylgalactosaminyl-containing ''brain-type'' gangliosides, including GM1 (Fig. 2b) . We next investigated the interaction between GM1 and putative genetic loci, including the GalNAcT and ST-II genes. ChIP assay was performed using anti-GM1 antibody, and we found that GM1 was increased at the promoter region of the GalNAcT gene. To compare the GM1-associated DNA content before and after neuronal induction of NPCs, quantitative real-time PCR analyses were performed. As shown in Fig. 2e , the 5 0 proximal promoter region (?0) had significantly more recruitment of GM1 in differentiated neurons than in the precursor counterpart. Neither the 5 0 distal region (-3 k) or the downstream gene body (?3 k, ?6 k) showed any change. Such a tendency did not appear for the ST-II gene loci (2e). Interestingly, after neuronal differentiation, more GM1 was accumulated on the promoter of the neurogenic transcription factor NeuroD1 gene, which commits the transition of NSCs to NPCs (Fig. 2e) . These results suggest that GM1 is involved in the chromatin complex that is associated with neuronal differentiation. We next investigated whether GM1-associated genetic loci enriched with AcH3 could represent active chromatin. The supernatant of anti-GM1 immunoprecipitation was collected as the non-GM1-interacting chromatin fraction. The total nuclear fraction and non-GM1-interacting chromatin were compared in an anti-AcH3 ChIPn assay. Our result showed that GalNAcT gene which contains histone acetylation exclusively binds GM1 (Fig. 2f) . This result supports that GM1 indeed participates in transcriptional activation of the GalNAcT gene.
Next, we investigated the co-localization of GM1 and GalNAcT gene by in situ hybridization. We found that GM1 and the promoter region of the GalNAcT gene are in close proximity in the nucleus of a neuron (Fig. 3a) . Despite the low expression of nuclear GM1 in NPCs, they did not co-localize therein. This result suggests that the interaction of GM1 and the GalNAcT gene promoter occurs in a developmental stage-specific manner.
Inhibition of Microtubule Polymerization Reduces GM1 Binding to the Promotor of the GalNAcT Gene
We next investigated the possibility of GM1 interacting with the promotor of the GalNAcT gene. The cytoskeleton is considered to have functional roles in chromatin remodeling and gene transcription [38] . To examine the role of the cytoskeleton in regulating the association between GM1 and GalNAcT gene promoter, we treated neurons with nocodazole or cytochalasin D to specifically depolymerize the microtubules or actin network, respectively. Nocodazole and cytochalasin D are known to induce nuclear deformation [39] . Nocotazole treatment reduced the binding of GM1 and AcH3 to the promoter region of the GalNAcT gene (Fig. 4) . On the other hand, cytochalasin D did not have these effects (data not shown). These results suggest that microtubules, but not actin, are involved in the interaction between GM1 and the GalNAcT (c)
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Discussion
We investigated the hypothesis that nuclear GM1 is associated with gene regulation in neuronal cells. We found that GM1 is co-localized with lamin B1 at the nuclear lamin and nucleoporin at the nuclear pore complex in the neuronal nuclear envelope. Co-immunoprecipitation experiments revealed that nuclear GM1 interacts with acetylated histones of active epigenetic marks. On the other hand, nuclear GM1 did not bind with H3K27me3, which is an inactive epigenetic mark. Rather, it bound to acetylated histones on the promoters of the GalNAcT and NeuroD1 genes in differentiated neurons, but not in undifferentiated NPCs. However, little or no GM1 interacted with the ST-II gene promoter, consistent with our previous finding that only GalNAcT was responsible for the pathway shifts of ganglioside biosynthesis pathways during brain development [32, 40] . The binding of GM1 and AcH3 with the GalNAcT gene promoter is mediated by microtubules as shown by the nocodazole experiment. Thus, the present study provides the first direct evidence that GM1 interacts with active chromatin via acetylated histones at the nuclear periphery in neuronal cells (Fig. 5 ).
Our study agrees with several previous reports documenting the presence of GM1 in the nucleus [18] [19] [20] [21] [22] . In our previous study, we demonstrated that NSCs in culture supplemented with GM1 exhibited a significantly enhanced neurogenic effect [28] . It is possible that in this neurogenesis enhancement process, exogenous GM1 induces NSCs to transcribe more GalNAcT mRNA with a higher level of acetylated histones on the GalNAcT gene promoter region where more transcription factors are recruited. On the other hand, the ST-II gene did not show any significant changes. This result might represent a potential mechanism accounting for the correlations between the ganglioside pattern shift and epigenetic modifications of ganglioside synthase expression during neuronal differentiation and neural development. In this regard, GM1 might have a role in modulating the ''pathway switch'' in ganglioside expression in the developing brain. We suggest that GM1 may generate a positive feedback loop for NSCs to enhance neuronal differentiation and thereby to produce more GM1 and other ''brain-type'' gangliosides, such as GD1a, GD1b and GT1b by increasing the GalNAcT message level. Since the content of GM1 in the nuclear membrane is increased during neuronal differentiation [20] , it is possible that the nuclear GM1-lipid domains may serve as a docking site at the nuclear periphery for specific active region of chromatin. Our scheme for the role of nuclear gangliosides epigenetically modulating the gene expression in neuronal cells is shown schematically in Fig. 5 . An important question concerns the source of GM1 residing in the nucleus. It has been established that GM1 and GD1a are present in the nuclear envelope [21, 41] . Sialidase activity has also been identified in the nuclear membrane of rodent brains [42, 43] . Further, it has been reported that neuraminidases (sialidases) Neu3 and Neu1 are present in the inner and outer nuclear membranes, respectively [16] . Since these neuraminidases can convert GD1a to GM1, GD1a may serve as a nuclear storage reserve precursor of GM1. Figure 1c, d show the other potential sources of nuclear GM1. GM1 is found to be associated with lamin B1, nucleoporin, and chromosomes during breakdown of the nuclear envelope at mitosis. Our observations suggest that GM1 may hitchhike into the nucleus with nuclear envelope vesicles or with chromosomes as a passenger.
In conclusion, our results suggest that nuclear GM1 is capable of modulating transcriptional activity of neurogenic genes, such as GalNAcT and NeuroD1. We envision that signaling for differentiation and proliferation could be modulated by nuclear gangliosides via a novel epigenetic gene modification mechanism during neural differentiation. Since ganglioside expression profiles are associated not only with neural development, but also with pathogenic mechanisms of diseases in the central nervous system, future studies on epigenetic regulation of cell surface glycosphingolipid expression should provide clues as to the disease mechanisms, which should be useful in providing novel strategies for disease intervention and neural repair. 
